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CO2/CH4, CO2/N2, and CO2/H2).
19,23−25 However, despite
the high capture selectivity (i.e., 29 molCO2/molCH4) reported
for equimolar CO2/CH4 mixtures,
19 this phenomenon cannot
be explained by thermodynamic considerations based on the
equilibrium curves of CO2−HQ and CH4−HQ clathrates (i.e.,
equilibrium curves very close to each other).26 Consequently,
to further develop CO2 separation processes based on the use
of HQ clathrates, a better understanding of their formation and
dissociation mechanisms is crucial.
This work investigates the formation and dissociation of
CO2− and CH4−HQ clathrates using in situ Raman spectros
copy and studies both the mechanisms and kinetic aspects. In
situ Raman spectroscopy is ideal for studying these clathrate
compounds, which are, by nature, metastable outside of their
thermodynamic stability conditions. In a controlled temper
ature and pressure environment, this nonintrusive technique
makes it possible to unambiguously diﬀerentiate α and β HQ
structures. Accordingly, the Raman signatures of these two HQ
polymorphisms are well known in literature and are easy to
discriminate.27−30 By means of in situ Raman spectroscopy
tracking, Park et al. highlighted the temperature dependence of
CO2− and CH4−HQ clathrate dissociation (i.e., the release of
guest molecules and structural transition of clathrates),30 and
Lee et al. studied the kinetics of CO2 uptake and release by HQ
clathrates as a function of temperature.19
Furthermore, additional experiments were performed using
an equimolar CO2/CH4 gas mixture in contact with either α
HQ or guest free β HQ, in an attempt to better understand the
selective enclathration phenomenon of HQ clathrates. A CO2/
CH4 gas mixture was chosen for this study, as the separation of
CO2 from this mixture is a direct industrial case study for gas
sweetening applications (i.e., removal of CO2 and H2S from
production gas containing mainly CH4). In applications such as
these, the raw gas coming from the reservoir is already hot and
pressurized (several MPa). As HQ clathrates can form in this
type of condition, it could be very advantageous to separate the
CO2 from the mixture using HQ clathrate based processes. To
be in line with conventional separation processes using gas−
solid contactors (e.g., ﬁxed or ﬂuidized bed reactors), this study
was performed using solid HQ (without any solvent) at two set
operating points, realistic for these kinds of CO2/CH4
separation units: 323 K and 3.0 MPa for the clathrate formation
and 343 K at 1.0 kPa for the dissociation. These operating
conditions were also set based on the three phase equilibrium
curve determined by Coupan et al. for CO2− and CH4−HQ
systems26 and are in line with the target application of gas
sweetening.31
■ EXPERIMENTAL SECTION
Materials. HQ is provided by Acros Organics (purity of
99.5 mol %). For the experiments, the HQ is ground to obtain
crystals with a mean particle size of ∼100 μm to promote the
gas phase reaction. CO2, CH4, and a CO2/CH4 equimolar gas
mixture (minimum mole fraction purity of 99.995%) are
purchased from Linde Gas SA. The CO2 mole fraction of the
CO2/CH4 mixture is 50.1 ± 1.0% (analytical value given by the
supplier).
Apparatus and Method. The spectroscopic experimental
setup is detailed in Figure 1. Its main components are a high
pressure measurement cell and a confocal microscope coupled
to a Raman spectrometer. The customized high pressure cell
(designed by Top Industrie, France) is made of TA6 V titanium
and has a volume of 0.39 cm3. It is ﬁtted with a sapphire optical
window of 33 mm in diameter and 3.5 mm thick allowing in
situ Raman spectroscopy experiments to be run at pressures
and temperatures of up to 20 MPa and 423 K, respectively. The
cell is connected to a gas storage tank and a vacuum pump. The
temperature in the cell is maintained at the required value by
continuous forced circulation of silicone oil through the cell
jacket by means of a thermostatic bath (Polystat 37, Fischer
Scientiﬁc). The cell is ﬁrmly held to prevent any vibrations due
to circulation of the liquid. Temperature is measured by a
thermocouple (accuracy of ±0.2 K) located directly in the cell.
Pressure is measured by a digital manometer (model Leo II
from Keller with an uncertainty of ±0.01 MPa) and a 0−10
MPa pressure transmitters (model PA33X from Keller with an
uncertainty of ±0.01 MPa) both located on the gas inlet line.
The Raman spectrometer (T64000 Jobin Yvon) works with a
Raman notch ﬁlter that helps eliminate Rayleigh scattering and
uses 1800 grooves/mm grating, allowing a spectral resolution of
2 cm−1. The excitation source is the 514.5 nm line of an argon
ion laser. The analysis is performed in the 3300−300 cm−1
region with an acquisition time of 60 s. With a confocal
aperture of 200 μm and a 10× magniﬁcation objective lens, a
surface area of 25 μm2 and a depth of 2 μm can be analyzed.
These parameters (confocal aperture and magniﬁcation) were
chosen for the following reasons: (i) so that we would not have
to consider the entire spectral response of the gas, (ii) to
maximize the volume analyzed, and (iii) to prevent intensity
loss when passing through the sapphire window and the gas
phase. The laser beam is focused on the crystal surface by
means of a camera (from JVC) allowing visualization of the
sample. The Raman shift wavenumber calibration (i.e.,
calibration of the detector) is initially performed by reference
to the silicon band at 520 cm−1. The calibration is then
checked, before each measurement, against the sapphire band
(of the cell) at 417 cm−1 to avoid variations due to room
temperature change or mechanical drift.
Owing to this experimental setup, tracking of the spectral
signature as a function of time is conducted under controlled
pressure and temperature conditions. For the experiments,
∼0.1 g of powdered HQ is loaded into the cell. To check the
experimental repeatability and homogeneity of the measure
Figure 1. Experimental setup. (1) Gas tank; (2) plug valves; (3) gas
expander; (4) pressure transmitters; (5) digital manometer; (6)
vacuum pump; (7) temperature sensor; (8) Raman cell; (9)
thermostatic bath; (10) Raman spectrometer; (11) visualization and
acquisition system.
ments, a minimum of six crystals are analyzed throughout each
experiment (the same crystals are tracked from the beginning
to the end, and the data are averaged). The temperature is set
at the required value, and the whole system (the Raman cell
and the piping) is put under vacuum at 1 kPa. Next, the gas is
loaded into the cell, and the gas pressure is kept constant at the
target value. For the clathrate formation, the temperature and
pressure conditions are 323 K and 3.0 MPa. The clathrate
dissociation is performed by changing the previous conditions
to 343 K and 1 kPa.
■ RESULTS AND DISCUSSION
Figure 2 presents the Raman spectra of the α HQ (Figure 2a)
and the CO2/CH4−HQ clathrates (Figure 2b). Even though
the same covalent bonds exist in both HQ forms, the two HQ
structures can nevertheless be diﬀerentiated, as there are some
Figure 2. Raman spectra of (a) the α HQ, (b) the CO2/CH4−HQ clathrates, and (c) the equimolar CO2/CH4 gas mixture, for Raman shifts ranging
from 1130 to 1680 cm−1 and 2850 to 3150 cm−1. The single asterisks show the Raman bands of CO2 guest molecules at 1272 and 1380 cm
−1 and the
double asterisk the CH4 guest molecules at 2904 cm
−1. The intensities are given in arbitrary units (a.u.).
Figure 3. Raman spectroscopic tracking of (a) the formation, at 3.0 MPa and 323 K, and (b) the dissociation, at 1.0 kPa and 343 K, of CH4−HQ
clathrates. (c) Raman spectra of the α HQ, the CH4 α HQ, and an ongoing transition form CH4 α/β HQ. The intensities are given in arbitrary units
(a.u.).
dissimilarities in their vibrational modes due to diﬀerent
molecular environments in their respective hydrogen bonded
organic frameworks.
Results showed some diﬀerences between the α and β HQ
spectra, the main ones being: (i) the two C−H bending bands
at 1163 and 1169 cm−1 in the α HQ spectrum appeared as a
single band at 1163 cm−1 in the clathrate spectrum; (ii) the
coupled C−O and C−C stretching band shifted from 1257
cm−1 in the α HQ spectrum to 1260 cm−1 in the β HQ
spectrum; (iii) there were changes in the relative intensities of
the three C−C stretching bands at ∼1600 cm−1; and (iv) the
C−H stretching band at 3080 cm−1 in the α HQ spectrum was
absent in the HQ clathrate spectra. In addition, slight changes
in the relative intensities of the C−O bending and C−C
stretching bands could also be detected at ∼480 and 850 cm−1
(this spectral zone is not shown in Figure 2). Moreover, Raman
spectroscopy made it possible to clearly identify the presence of
CO2 and CH4 guest molecules in the HQ clathrates. In the case
of the CO2 molecules, the symmetrical CO stretching bands
were observed at 1272 and 1380 cm−1,29,32,33 and in the case of
the CH4 molecules, the symmetrical C−H stretching bands
were at 2905 cm−1.34 It is worth noting that, based on the
analysis of the equimolar CO2/CH4 mixture (Figure 2c), CO2
could be detected at 1287 and 1390 cm−1 and CH4 at 2915
cm−1. The diﬀerences between the Raman spectroscopic
signatures in the gas phase and in the clathrate phase for the
CO2 and the CH4 were clearly noticeable and could be mainly
ascribed to the presence of host−guest interactions and to the
spatial constraints of the molecules trapped in clathrate lattices.
Overall, the position of the bands in all the spectra shown in
Figure 2 (i.e., the Raman shift) were in very good agreement
with literature data.27−29
Formation and Dissociation of the CH4−HQ Clath-
rates. Figure 3 shows the spectroscopic tracking as a function
of time during the formation and dissociation of CH4−HQ
clathrates.
For the ﬁrst 3000 min of the formation experiment (Figure
3a), there was no signiﬁcant change in the spectral signature of
the HQ molecules (i.e., the HQ Raman spectra indicated that
the sample was α HQ). We observed the following: (i) the two
C−H bending bands at 1163 and 1169 cm−1, (ii) the coupled
C−O and C−C stretching band at 1257 cm−1, and (iii) the
three C−C stretching bands at ∼1600 cm−1, where the middle
band was the most intense. Furthermore, no characteristic band
of β HQ was detected. During this period, however, the C−H
stretching band of encaged CH4 molecules started to appear at
2904 cm−1, and its intensity then slowly increased over time.
This observation shows that the α HQ is ﬁrst ﬁlled with CH4
molecules, forming the intermediate guest loaded α HQ. The
Raman spectrum of this intermediate is shown in Figure 3c.
The CH4 gas band was also detected at 2915 cm
−1 during the
formation step under pressure conditions. The Raman intensity
of this gas band ﬂuctuated over time according to the focus
height. After this step, the Raman bands evolved continuously
from the spectral signature of α HQ to that of β HQ. Indeed,
the two C−H bending bands at 1163 and 1169 cm−1
progressed to form a single band at 1163 cm−1, the coupled
C−O and C−C stretching band shifted from 1257 to 1260
cm−1, and the relative intensities of the three C−C stretching
bands at 1598, 1609, and 1621 cm−1 varied over time.
Moreover, the intensity of the Raman bands of the encaged
CH4 molecules progressively increased. At the end of the
formation step, a small shoulder was detected on the C−H
bending bands at 1163 cm−1 (see Figure 3c), revealing the
presence of residual α HQ in the ﬁnal product (i.e., the α to β
conversion is not total). It is therefore possible to deduce that
CH4−HQ clathrate formation is a two step mechanism.
Equations 1 and 2 presented below summarize this mechanism
considering HQ/guest molar ratios of 18:1 for the ﬁrst step and
3:1 for the second:
+ → ·α α α αx x18HQ CH CH 18HQ4 4 (1)
· + − → ·α α α βx x x xCH 18HQ (6 )CH 6[ CH 3HQ ]4 4 4 (2)
where xα and x are the α HQ and the β HQ occupancies,
respectively. In the actual case study, we were unable to aﬃrm
whether the CH4 molecules ﬁlled the α HQ (i.e., x
α = 1)
entirely, or whether α HQ was simply ﬁlled to a critical
occupancy before the transition from α to β HQ began.
Concerning the dissociation of the CH4−HQ clathrates,
Figure 3b shows a decrease in the intensity of the CH4 band
along with changes in the HQ bands from the β HQ to the α
HQ signature. The two intermediates, CH4 α HQ, and the
guest free β HQ were not observed during the dissociation
step. Additional dissociation experiments performed in milder
conditions at 323 K (instead of 343 K) and 0.1 MPa (instead of
1.0 kPa) failed to show that guest free HQ clathrates could
derive from CH4−HQ clathrates.
To also investigate the kinetic aspects of these reactions, the
ratio of the CH4 band at 2904 cm
−1 to the HQ band at 1259
cm−1 was represented as a function of time for the formation
and dissociation of CH4−HQ clathrates (Figure 4). The HQ
band at 1259 cm−1 was chosen as the normalization reference
due to its very slight modiﬁcation over time. Normalization is
necessary to overcome the intensity ﬂuctuation of the signal
due to the focus height. The accuracy of the method (error bars
represented in the graphs) arises from both the averaging of the
results obtained from the crystals and from the baseline
ﬂuctuations over time. The magnitude of the error bars
principally reveals the high variability in the formation kinetics
measured on each isolated crystal (i.e., the clathrate formation
kinetics are very diﬀerent from one crystal to another), making
it impossible to determine reaction rates. The graph does
however give qualitative information on the global kinetic
trend. On the basis of the experiments, the induction period
(i.e., the waiting period during which the α HQ starts to
transform into β HQ) was estimated to be 60 ± 10 h, and the
Figure 4. Formation at 3.0 MPa and 323 K and dissociation at 1.0 kPa
and 343 K of CH4−HQ clathrates. Ratio of the intensities of the CH4
band at 2904 cm−1 to the HQ band at 1259 cm−1.
“guest molecule release time” (i.e., the time needed for the
clathrates to release the guest molecules) was ∼3 d.
Formation and Dissociation of the CO2−HQ Clath-
rates. Figure 5 presents spectroscopic tracking as a function of
the time needed for CO2−HQ clathrates to form and
dissociate.
In the case of CO2−HQ clathrate formation (Figure 5a), the
Raman bands evolved continuously from the spectral signature
of α HQ to that of β HQ, and there was also a progressive
increase in the intensity of the CO stretching bands of
encaged CO2 molecules at 1273 and 1380 cm
−1. As previously
observed, the CO2 gas bands were also detected at 1287 and
1390 cm−1 during the formation step under pressure
conditions. At the beginning of the CO2−HQ clathrate
formation phase, we could not detect the guest loaded α HQ
intermediate in our experiments, whereas this form does exist
and has been already reported in literature data.3 It can
therefore be assumed that the same structural transition process
applies for CH4−HQ clathrate formation and for CO2−HQ
clathrate formation (i.e., a two step reaction passing through
the guest loaded α HQ intermediate).
Looking at the spectroscopic tracking of the CO2−HQ
clathrate dissociation (Figure 5b), a gradual decrease in the
intensities of the CO2 band could clearly be seen without there
being any changes to those of the β HQ bands, unlike in CH4−
HQ clathrate dissociation. Consequently, once all the CO2
molecules were released from the host lattice, the spectroscopic
signature corresponded unambiguously to that of the guest free
HQ clathrates. The Raman spectrum of this intermediate is
shown in Figure 5c. The lifetime of this metastable reaction
intermediate was an estimated 48 h at most in these
dissociation conditions (i.e., 343 K and 1 kPa). After this
period the guest free HQ clathrates then gradually returned to a
stable α HQ structure. The dissociation of CO2−HQ clathrates
can therefore be described as a two step reaction by eqs 3 and
4:
· → +β βx xCO 3HQ 3HQ CO2 2 (3)
→β αHQ HQ (4)
Concerning the formation and dissociation kinetics of CO2−
HQ clathrates, Figure 6 shows the ratio of the CO2 band at
1380 cm−1 to the HQ band at 1259 cm−1 as a function of time.
First of all, we can see that, in the same conditions of pressure
and temperature, the formation kinetics of CO2−HQ clathrates
are much faster than those of CH4−HQ clathrates. Indeed, the
induction period was 3.1 ± 0.4 h (instead of 60 ± 10 h for
CH4−HQ clathrate formation), and the release time was ∼6 h
for CO2 (instead of 3 d for CH4). Regarding the clathrate
Figure 5. Raman spectroscopic tracking of (a) the formation, at 3.0 MPa and 323 K, and (b) the dissociation, at 1.0 kPa and 343 K, of CO2−HQ
clathrates. (c) Raman spectra of α HQ, CO2−HQ clathrates, and guest free HQ clathrates. The intensities are given in arbitrary units (a.u.).
Figure 6. Successive cycles of formation, at 3.0 MPa and 323 K, and
dissociation, at 1.0 kPa and 343 K, of CO2−HQ clathrates. Ratio of
intensities of the CO2 band at 1380 cm
−1 to the HQ band at 1259
cm−1.
equilibrium data for CO2 and CH4 clathrates only,
26 the
proximity of the two equilibrium curves results in a similar
distance of the experimental operating point to the equilibrium
curves: such a diﬀerence in kinetics cannot be explained by
thermodynamics, as the diﬀerence in driving forces is negligible
between the two systems. Accordingly, obviously the formation
and the dissociation kinetics of these clathrates are highly
dependent on the intrinsic nature of the guest molecules.
In addition, to check the recycling eﬀect of the reactive
medium (i.e., the possibility to reuse the α HQ after the
clathrate dissociation), two successive reaction cycles (a
formation step followed by a regeneration step) were
performed using HQ and CO2 in the same pressure and
temperature conditions as discussed previously (i.e., formation
at 3.0 MPa and 323 K and dissociation at 1.0 kPa and 343 K).
In the two cycles, we observed: (i) the direct formation of
CO2−HQ clathrates from α HQ, and (ii) the dissociation of
the CO2−HQ clathrates to α HQ via the guest free HQ
clathrates. As observed in Figure 6, both the formation and
dissociation kinetics in the second run were improved (i.e., the
reaction time to reach the equilibrium plateau during the
second run was ∼2 h faster compared to the ﬁrst run,
shortening the reaction time by ∼30%). Moreover, we
measured a decrease in the induction period, which dropped
to 0.6 ± 0.2 h (instead of 3.1 ± 0.4 h for the ﬁrst formation
run). These improvements can be attributed to a phenomenon
of “HQ structuration” occurring during the ﬁrst formation/
dissociation cycle. With the help of the camera (used to focus
the laser on the crystals), we noticed that the crystals after the
ﬁrst cycle presented a rough aspect with distinguishable surface
asperities, unlike native HQ crystals, which have smooth,
regular surfaces. These modiﬁcations in the morphology of the
crystals seemingly increased the contact surface area between
the HQ and the CO2 (compared to the native crystals), and as
a result created new “nucleation” sites conducive to faster
crystallization during the second formation phase. Unfortu
nately, the camera mounted on the Raman apparatus was
unsuitable for recording or taking snapshots to support the
above descriptions. Similar observations on CO2−HQ clathrate
monocrystals have already been reported, however (including
detailed comparisons with α HQ crystals).29 This “pre forming
eﬀect” of HQ, occurring during the ﬁrst formation dissociation
cycle, opens an interesting avenue of research for enhancing
enclathration kinetics.
Global Mechanism. With reference to the previous
sections, it is possible to determine general trends as regards
HQ clathrate formation and dissociation mechanisms. Indeed,
because of the rapid formation of CO2−HQ clathrates
(compared to CH4−HQ clathrates), we can assume that the
CO2 α HQ intermediate had already formed but went
undetected during our experiments. Similarly, the very slow
release of CH4 molecules during the CH4−HQ clathrate
dissociation (compared to the faster dissociation of CO2−HQ
clathrates) might have prevented the detection of guest free
HQ clathrates, as the α/β reversion time is roughly the same as
the guest molecule release time. These observations would
suggest that the lifetimes of the intermediates (i.e., guest loaded
α HQ and guest free β HQ) are directly related to the HQ
clathrate formation or dissociation kinetics. It is important to
note that kinetics are particularly inﬂuenced by the pressure and
temperature conditions: the induction period is reduced at high
pressure,14 and the enclathration kinetics are faster at high
temperature.23 For this reason, our experimental conditions
might not be suitable for observing the CO2 α HQ
intermediate during CO2−HQ clathrate formation and the
guest free clathrates during CH4−HQ clathrate dissociation.
Although we failed to detect or observe the intermediate guest
loaded α HQ of CO2 and the intermediate guest free β HQ of
CH4, extensive experimental evidence has been reported in
literature indicating that (i) the guest loaded α HQ inter
mediate can be obtained with several guest molecules (e.g.,
CO2, SO2, Ar, N2, and H2),
2,3,6−10 and (ii) the guest free β HQ
can be obtained by heating HQ clathrates formed with guests
with diﬀerent chemical properties (e.g., CO2 and Xe).
19−21 In
the light of all our observations, on the basis of two clathrate
systems that form and dissociate with very diﬀerent kinetics, we
could propose the following global mechanism for HQ
clathrate formation (eqs 5 and 6) and dissociation (eqs 7 and
8):
+ → ·α α α αx x18HQ G G 18HQ (5)
· + − → ·α α α βx x x xG 18HQ (6 )G 6[ G 3HQ ] (6)
· → +β βx xG 3HQ 3HQ G (7)
→β αHQ HQ (8)
where G is a guest molecule.
Selective Gas Capture by HQ Clathrate Formation.
The results presented in this section concern the equimolar
CO2/CH4 gas mixture. Following our previous conclusion that
the kinetics are improved after the ﬁrst formation−dissociation
run, these experiments were conducted using the products
obtained after CH4− and CO2−HQ clathrate dissociation (i.e.,
either regenerated α HQ or guest free β HQ clathrates). The
latter were put in contact with the CO2/CH4 gas mixture within
24 h after they had formed. Figure 7 presents the evolution
over time of the intensity ratio of the guest band (i.e., CO2
band at 1380 cm−1 and CH4 band at 2904 cm
−1) to the HQ
band at 1259 cm−1, and Figure 8 shows the intensity ratio of
the CO2 band to the CH4 band (referred to as I
CO2/ICH4 in the
following) over time.
First of all, looking at the Raman spectra of the equimolar
CO2/CH4 gas mixture (presented previously in Figure 2c), we
could see that the band intensity of the C−H stretching mode
characteristic of CH4 molecules was stronger than the band
intensity of the CO stretching mode characteristic of CO2
molecules. Indeed, the intensity ratio of the CO2 band at 1390
cm−1 to the CH4 band at 2915 cm
−1 is ∼0.2. Moreover, Zhou
et al. proved experimentally that the intensity of the CO2 band
is lower than that of CH4 for mixed CO2/CH4 clathrate
hydrates in which the proportion of CO2 and CH4 is the
same.35 Therefore, this observation implies that the response
factor of CO2 is lower than that of CH4 even when the gas
molecules retained in clathrate lattices are spatially constrained
(i.e., entrapped in a solid phase). Consequently, in our
experiments involving the formation of mixed CO2/CH4 HQ
clathrates, it should be logical that the intensity of the CO2
band at 1380 cm−1 be lower than that of CH4 at 2904 cm
−1
(i.e., ICO2/ICH4 < 1). If the intensity of the CO2 band was found
to be equal to or higher than that of CH4 (i.e., I
CO2/ICH4 ≥ 1),
this would mean that there is a signiﬁcant capture selectivity
toward CO2 molecules.
First, the regenerated α HQ from the CH4−HQ clathrate
dissociation (noted α HQCH4) was put in contact with the
CO2/CH4 gas mixture. As shown in Figures 7a and 8, when the
CO2/CH4 gas mixture came into contact with the α HQ
CH4,
the intensities of both the CO2 and CH4 guest bands increased
after a reaction time of 1 d. At this point, the intensity of the
CO2 band was observed to be 0.7 times lower than that of the
CH4. However, as we did not know the I
CO2/ICH4 threshold
value at which the amount of CO2 in the solid started to exceed
that of CH4, we could not come to any conclusion as regards
the selective behavior of the α HQCH4 toward CO2 or CH4.
However, we were able to deduce an induction period of 14.3
± 10.1 h. Interestingly enough, this induction period fell
between those found for pure CO2−HQ and pure CH4−HQ
clathrates (i.e., 3.1 ± 0.4 h and 60.1 ± 10.0 h for CO2− and
CH4−HQ clathrates, respectively).
Similarly, when the same gas mixture came into contact with
the α HQ obtained from the CO2−HQ clathrate dissociation
(noted α HQCO2), both the CO2 and CH4 band intensities
increased after a reaction time of 1 d (see Figures 7b and 8). In
this case, the induction period was an estimated 14.8 ± 9.6 h, a
value very close to the previous one determined for the α
HQCH4 (i.e., 14.3 ± 10.1 h). So, it seems that the induction
period when starting with regenerated α HQ does not depend
on the guest used for the preforming step. However, the
intensity of the CO2 band was observed to be 1.5 times higher
than that of the CH4 band (i.e., I
CO2/ICH4 > 1) suggesting more
CO2 molecules than CH4 molecules trapped in the clathrates.
This observation implies that the clathrates formed in these
conditions contain more CO2 than CH4, which proves that the
enclathration reaction is selective toward CO2. It is impossible
to precisely determine the exact value of this selectivity (i.e., the
molar ratio between the quantity of CO2 and CH4 trapped in
the clathrate), as this type of quantitative analysis cannot be
completed using Raman spectroscopy.
Finally, when the CO2/CH4 gas mixture came into contact
with the guest free HQ clathrates (as shown in Figures 7c and
8), we observed a dramatic increase in the intensity of the CO2
band compared to that of the CH4 one. As the band
corresponding to the encaged CO2 appeared once the Raman
cell was pressurized with the gas mixture, it could be concluded
that no induction period was required in that case. The
intensity ratio for this CO2 band was observed to be 5 times
greater than that for CH4 (i.e., I
CO2/ICH4 ≫ 1). This
observation suggests that the guest free HQ clathrates
selectively capture a large number of CO2 molecules from the
CO2/CH4 gas mixture. This observation had already been
suggested in literature19 but without any direct comparison
between the selective behavior of the α HQ and that of the
guest free clathrates. We could therefore conclude that both the
regenerated α HQCO2 and guest free HQ clathrates preferen
tially captured the CO2 molecules contained in the equimolar
CO2/CH4 gas mixture. However, the guest free HQ clathrates
were able to capture the CO2 in a much more eﬃcient manner
(higher selectivity and faster kinetics) than the α HQCO2. It is
worth noting that the selective performance of the enclathra
tion reaction starting with α HQCO2 and from a guest free
structure derived from CO2 clathrates had never been
compared before. In literature, authors who had also come
across this type of selective enclathration succinctly explained
the phenomenon by a dynamical aperture widening process of
the guest free HQ clathrate cavities, whose access diameter is
∼3 Å.19 However, we believe that such an “aperture widening
process” is not speciﬁc to CO2 molecules. According to the
results obtained for the reactions between the equimolar CO2/
CH4 gas mixture and either the α HQ
CH4, α HQCO2, or guest
free β HQ, it can be inferred that three main factors related to
guest molecules are likely to impact the capture selectivity: (i)
Figure 7. Reaction between the equimolar CO2/CH4 mixture and the
regenerated α HQ resulting from (a) CH4− or (b) CO2−HQ
clathrate dissociation, or (c) the guest free β HQ at 3.0 MPa and 323
K. Ratio of intensities of the guest band to the HQ band at 1259 cm−1:
(●) CO2 band at 1380 cm
−1 and (Δ) CH4 band at 2904 cm−1.
Figure 8. Reaction between the equimolar CO2/CH4 mixture and the
regenerated α HQ resulting from (▲) CH4− or (●) CO2−HQ
clathrate dissociation, or (⧫) the guest free β HQ at 3.0 MPa and 323
K. Ratio of intensities of the CO2 band at 1380 cm
−1 to the CH4 band
at 2904 cm−1.

(2) Wallwork, S. C.; Powell, H. M. The Crystal Structure of the α
Form of Quinol. J. Chem. Soc., Perkin Trans. 2 1980, 2, 641−646.
(3) Powell, H. M. The Structure of Molecular Compounds. Part IV.
Clathrate Compounds. J. Chem. Soc. 1948, 61−73.
(4) Maartmann Moe, K. The Crystal Structure of γ Hydroquinone.
Acta Crystallogr. 1966, 21, 979.
(5) Naoki, M.; Yoshizawa, T.; Fukushima, N.; Ogiso, M.; Yoshino, M.
A New Phase of Hydroquinone and its Thermodynamic Properties. J.
Phys. Chem. B 1999, 103, 6309−6313.
(6) Yoon, J. H.; Lee, Y. J.; Park, J.; Kawamura, T.; Yamamoto, Y.;
Komai, T.; Takeya, S.; Han, S. S.; Lee, J. W.; Lee, Y. J. Hydrogen
Molecules Trapped in Interstitial Host Channels of α Hydroquinone.
ChemPhysChem 2009, 10, 352−35.
(7) Powell, H. M. The Structure of Molecular Compounds. Part VII.
Compounds Formed by the Inert Gases. J. Chem. Soc. 1950, 298−300.
(8) Chekhova, G. N.; Polyanskaya, T. M.; Dyadin, Y. A.; Alekseev, V.
I. Clathrates of Hydroquinone. II. Chemical and X ray Phase Analysis
of the Solid Phases in the Hydroquinone Water Sulfur Dioxide
System. J. Struct. Chem. 1976, 16, 966−971.
(9) Marsh, R. E. The Space Groups of Point Group C3: Some
Corrections, Some Comments. Acta Crystallogr., Sect. B: Struct. Sci.
2002, 58, 893−899.
(10) Polyanskaya, T. M.; Andrianov, V. I.; Alexeev, V. I.; Bakakin, V.
V.; Dyadin, Y. A.; Chekhova, G. N. Clathrate Crystal Structure of α
Hydroquinone with Sulfur Dioxide. Soviet Physics Doklady 1982, 27,
684.
(11) Coupan, R.; Plantier, F.; Torre,́ J. P.; Dicharry, C.; Seńećhal, P.;
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